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In addition to the nuclear genome in cells, mitochondria contain a
separate circular double-stranded genome encoding 13 polypeptide
subunits of themitochondrial electron transport chain [1]. The genes
encoding these polypeptides are transcribed and translated in the
mitochondrial matrix, using 22 tRNAs and 2 rRNAs contained within
the compact mitochondrial DNA (mtDNA). Consequently, mtDNA is
dependent on nuclear encoded proteins for replication, repair,
transcription and translation. The importance of this dependence is
reﬂected in increasing evidence that defects or dysfunction in
proteins affecting these pathways lead to human diseases [2].
Human mtDNA is transcribed as large polycistronic precursor
transcripts of the heavy and light mtDNA strands, generally
encompassing the entire genome [3–6]. Therefore, to produce the
tissue and cell-speciﬁc variations in the proteins encoded by each
mRNA [7] they must be regulated at the posttranscriptional level
[8]. In yeast, mitochondrial transcripts have 50 untranslated regionschemical Societies. Published by E
S27, mitochondrial ribosomal
puriﬁcation
ralian Institute for Medical
n Building, Rear 50 Murray
+61 8 9224 0322.
.edu.au (A. Filipovska).that bind translational activators to modulate the translation of
each mRNA in response to the changing dynamics of mitochondria
in vivo, however these mechanisms are not conserved in mammals
[9]. Because mammalian mitochondrial mRNAs generally begin at
the start codon and lack conventional 50 untranslated regions or
Shine-Dalgarno sequences [10], mitochondrial ribosomes must
have evolved an alternative way to regulate translation initiation
and to ensure accurate start codon recognition. All mitochondrial
mRNAs encode hydrophobic membrane proteins, providing an
additional unconventional constraint on the mitochondrial transla-
tional system by coupling peptide elongation to insertion of nas-
cent proteins into the mitochondrial inner membrane [11].
Proteomic studies of bovine and yeast mitochondrial ribosomes
suggest that they are composed of about 80 proteins [12,13]. Com-
parative studies of the mammalian mitochondrial ribosome with
bacterial and cytoplasmic ribosomes of eukaryotes have identiﬁed
large variations in the composition and number of mitochondrial
ribosomal subunits [12,14]. Mitochondrial ribosomal RNA has been
reduced considerably in size during evolution compared to the
cytoplasmic and bacterial counterparts and has been replaced by
additional proteins, which may have new functions in mitochon-
drial translation and recognition of mitochondrial mRNAs. The cur-
rent knowledge about the role of these proteins in mitochondrial
gene expression is limited to comparative genomic analyses [12]
and their function is yet to be elucidated. To better understandlsevier B.V. All rights reserved.
3556 S.M.K. Davies et al. / FEBS Letters 586 (2012) 3555–3561the role of these proteins in mitochondrial translation we investi-
gated the function of a member of the pentatricopeptide repeat
(PPR) domain family, the mitochondrial ribosomal protein of the
small subunit (MRPS27) that has been annotated as one of the
small subunit proteins of the mammalian mitochondrial ribosome.
PPR domain proteins were discovered in plant plastids and con-
stitute a large family of RNA-binding proteins involved in tran-
script processing, editing and translation [15]. There are only
seven mammalian PPR domain proteins identiﬁed to date, all of
which have different roles in the regulation of mitochondrial gene
expression [16–24]. This is not surprising, as plant and yeast PPR
proteins also have diverse functions in organelle RNA processing,
stability, editing, maturation and translation, which are necessary
for respiration, photosynthesis, development and fertility
[15,25,26]. The PPR motifs that are a common feature in all of these
proteins suggest that they inﬂuence mitochondrial gene expres-
sion by binding speciﬁc RNAs.
Here we investigated the role of MRPS27 in human mitochon-
dria and conﬁrm that it is a component of the small subunit of
mitochondrial ribosomes. MRPS27 associates with the 12S rRNA
and with tRNAGlu, but does not appear to regulate mitochondrial
RNA levels. We show that a decrease in MRPS27 causes decreased
translation of the mitochondrially encoded polypeptides that con-
sequently leads to reduction in respiratory complexes and cyto-
chrome c oxidase activity in mitochondria. These data provide
insight into the role of MRPS27 in mitochondrial post-transcrip-
tional gene regulation.
2. Methods
2.1. Plasmid expression vectors
All expression vectors were based on pcDNA3 (Invitrogen). Full
length human MRPS27 (NCBI accession number NP_055899) was
expressed with its native termination codon or fused to a tandem
afﬁnity puriﬁcation tag (TAP tag, ABO76910) [27], or EYFP (BD Bio-
sciences) at the C-terminus. All plasmids were tested for expres-
sion by transfection and immunoblotting.
2.2. Cell culture
143B osteosarcoma cells were cultured at 37 C under humidi-
ﬁed 95% air/5% CO2 in Dulbecco’s modiﬁed Eagle’s medium
(DMEM, Invitrogen) containing glucose (4.5 g l1), 1 mM pyruvate,
2 mM glutamine, penicillin (100 U ml1), streptomycin sulfate
(100 lg ml1) and 10% fetal bovine serum (FBS).
2.3. Mitochondrial isolation and subfractionation
Mitochondria were isolated from 107 cells grown overnight in
15 cm dishes and sucrose gradient centrifugation was carried out
as previously described [28], with some modiﬁcations. Mitochon-
dria were lysed for 30 min in buffer containing 250 mM sucrose,
100 mM KCl, 20 mM magnesium acetate, 10 mM Tris–HCl pH 7.5,
0.5% Triton X-100 and EDTA-free Complete protease inhibitor cock-
tail (Roche). The clariﬁedmitochondrial lysateswere loaded on con-
tinuous sucrose gradients prepared in the same buffer without
detergent.
2.4. Transfections
143B cells were plated at 60% conﬂuence in six-well plates or 10
cm dishes and transfected with annealed siRNAs or mammalian
expression plasmids in OptiMEM media (Invitrogen). 125 nM (for
6-well plates) or 145 nM (for 10 cm dishes) of MRPS27 or control,
non-targeted (NT) siRNAs (Dharmacon)were transfectedusingLipo-fectamine 2000 (Invitrogen). 158 ng/cm2 ofMRPS27 or control EYFP
plasmidDNAwas transfected using FugeneHD (Roche). Cell incuba-
tions were carried out for 3 days following transfection. Transfec-
tions for 9 days were reseeded and re-transfected every 3 days.
2.5. Fluorescence cell microscopy
For ﬂuorescence microscopy 143B cells were plated onto 13
mm diameter glass coverslips and allowed to attach overnight.
Cells were transfected with pMRPS27-EYFP, incubated for 48 h,
treated with 100 nM Mitotracker Orange for 15 min then ﬁxed
with 4% paraformaldehyde in TBS for 30 min and washed with
TBS. Cells were mounted in DABCO/PVA medium. Images were
acquired using an Olympus DP70 ﬂuorescent inverted microscope
using a Nikon 40 objective.
2.6. Quantitative RT-PCR
The transcript abundance of mitochondrial genes and pre-
processed junctions was measured on RNA isolated from 143B cells
using the miRNeasy RNA extraction kit (Qiagen). Levels of MRPS27
mRNA were measured from RNA isolated from normal human tis-
sues (Ambion). cDNA was prepared using ThermoScript reverse
transcriptase (Invitrogen) and random hexamers and used as a
template in the subsequent PCR that was performed using a Cor-
bett Rotorgene 3000 using Platinum UDG SYBR Green mastermix
(Invitrogen) and normalised to 18S rRNA.
2.7. Northern blotting
RNA (5 lg) was resolved on 1.2% agarose formaldehyde gels,
then transferred to 0.45 lm Hybond-N+ nitrocellulose membrane
(GE Lifesciences) and hybridized with biotinylated oligonucleotide
probes speciﬁc to mitochondrial tRNAs. The hybridizations were
carried out overnight at 50 C in 5 SSC, 20 mM Na2HPO4, 7% SDS
and 100 lg ml1 heparin, followed by washing. The signal was de-
tected using either a streptavidin-linked horseradish peroxidase or
streptavidin-linked infrared antibody (diluted 1:2000 in 3 SSC, 5%
SDS, 25 mMNa2HPO4, pH 7.5) by enhanced chemiluminescence (GE
Lifesciences) or using an Odyssey Infrared Imaging System.
2.8. Afﬁnity puriﬁcation and RNA isolation
143B cells were lysed in 50 mM Tris/HCl (pH 7.5), 125 mMNaCl,
5% glycerol, 1% Igepal CA-630, 1.5 mM MgCl2, 1 mM DTT, 25 mM
NaF, 1 mM Na3VO4, 1 mM EDTA, l Complete protease inhibitors
(Roche), 200 U ml1 RNaseOUT (Invitrogen) at 4 C. The lysate was
cleared by centrifugation and incubated with rabbit-IgG agarose
(Sigma) at 4 C for 2 h. The agarose was washed with lysis buffer
and thenwith 10 mMTris/HCl, pH 7.5, 150 mMNaCl, 0.5 mM EDTA,
1% Igepal CA-630, 200 U ml1 RNaseOUT and protein was eluted by
addition of 10 U of AcTEV protease (Invitrogen, RT for 1 h). RNAwas
isolated using the miRNeasy Mini kit (Qiagen) incorporating an on-
column RNase-free DNase digestion to remove all DNA.
2.9. Tiling array analysis of mitochondrial RNA
Microarray analysis was performed using Mitochondrial
Resequencing arrays, version 2.0 as described previously [22].
2.10. Mitochondrial protein synthesis
Cells were grown in six-well plates until 60% conﬂuent, trans-
fected for three or nine days and de novo protein synthesis was
analyzed as described before [22].
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Fig. 1. MRPS27 is a mitochondrial protein with six PPR domains. (A) Primary
structure of MRPS27. (B) mRNA distribution in normal human tissues analysed by
qRT-PCR. (C) 143B cells transfected with pMRPS27-EYFP were incubated with
100 nM Mitotracker Orange and ﬁxed. MRPS27-EYFP (green) was co-localised to
mitochondria stained with Mitotracker Orange (red) directly by ﬂuorescence
microscopy. In the overlaid image yellow indicates co-localisation of MRPS27 with
mitochondria. Scale bar is 5 lm.
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Mitochondrial rRNAs and tRNAGlu from cells treated with
MRPS27 siRNAs or NT siRNAs were analysed by separating cell
lysates on continuous sucrose gradients followed by northern blot-
ting. Sucrose gradients were prepared as described before [29],
RNA was isolated from the collected fractions and northern
blotting was carried out as described above.
2.12. Immunoblotting
Speciﬁc proteins were detected using mouse monoclonal anti-
bodies: COXI, COXII and COXIV (Mito Sciences, diluted 1:1000),
and polyclonal rabbit antibodies: MRPL11 (Cell Signaling Technol-
ogies, diluted 1:1000), MRPS27 (Proteintech, diluted 1:500),
MRPS15 (Abcam, diluted 1:1000) in 5% skim milk powder in phos-
phate-buffered saline (PBS). Control immunoblots against porin
(MitoSciences, diluted 1:2000) were used to conﬁrm normalized
protein loading.
2.13. Blue native polyacrylamide gel electrophoresis (BN-PAGE)
BN-PAGE was carried out using isolated mitochondria from cells
treated with NT, MRPS27 siRNAs, pEYFP and pMRPS27-TAP as
described previously [30].
2.14. Complex enzyme assays
Enzyme assays were carried out in a 1 ml cuvette at 30 C using
a Perkin Elmer lambda 35 dual beam spectrophotometer as
described previously [31].
3. Results
3.1. MRPS27 is a mitochondrial protein with six PPR domains
MRPS27 is a PPR domain protein, with six putative PPR domains
located in tandem towards the N-terminus of the protein, in addi-
tion to an N-terminal mitochondrial targeting sequence (Fig. 1A
and Supplementary Fig. 1). We measured the RNA levels of
MRPS27 in human tissues, to show that it is ubiquitously ex-
pressed in all tissues, but most abundant in heart, followed by skel-
etal muscle (Fig. 1B). We fused EYFP to the C-terminus of the
protein and showed that it localises speciﬁcally to mitochondria
in 143B cells (Fig. 1C).
3.2. MRPS27 is a small subunit of the mammalian mitochondrial
ribosome
We used a humanmtDNA re-sequencing array as a single nucle-
otide tiling array of the complete mitochondrial genome, to detect
RNAs associated with MRPS27. We fused the C-terminus of
MRPS27 to a tandem afﬁnity puriﬁcation (TAP) tag and expressed
the fusion protein in 143B cells. Enrichment of the mitochondrial
transcripts associated with puriﬁed MRPS27-TAP was measured
using a tiling array, compared to a control puriﬁcation of EYFP-
TAP. There was a signiﬁcantly higher hybridisation to probes tiling
the 12S rRNA region in the MRPS27 sample (Fig. 2A). In addition,
we observed a small increase for the probes tiling the 16S rRNA,
suggesting association with the large mitochondrial ribosome
subunit.
To conﬁrm the tiling array results, quantitative reverse trans-
criptase PCR (qRT-PCR) was carried out on the isolated RNA from
the TAP. A 25-fold enrichment was observed in the 12S rRNA, with
no obvious enrichment for the remaining mature mitochondrial
transcripts, the precursor transcript RNA 19 or 18S rRNA (Fig. 2B).Interestingly, the TAP also revealed a substantial increase in
ﬂuorescence observed in the tiling array for the tRNAGlu relative
to control (Fig. 2A). qRT-PCR conﬁrmed a signiﬁcant enrichment
of the tRNAGlu, compared to control tRNAs and relative to control
EYFP-TAP protein (Fig. 2B).
To further assess the association of MRPS27 with the mitochon-
drial ribosome, we separated mitochondrial lysates on a continu-
ous sucrose gradient (Fig. 2C). Immunoblotting against protein
markers of the small (MRPS15) and large (MRPL11) ribosomal sub-
units revealed that MRPS27 co-migrates with the small ribosomal
subunit protein 15 (MRPS15), rather than MRPL11 or control
MnSOD, conﬁrming its association with the small subunit of mito-
chondrial ribosomes.
3.3. MRPS27 does not regulate mitochondrial RNA metabolism
We investigated the effects of knockdown and overexpression
of MRPS27 in cells on the abundance of mitochondrial transcripts.
We found that MRPS27 siRNAs lowered MRPS27 mRNA levels sig-
niﬁcantly, whereas overexpression of MRPS27 resulted in  7-fold
increase in the MRPS27 mRNA (Fig. 3 A, inset). The protein abun-
dance of MRPS27 was signiﬁcantly reduced upon its knockdown
(Fig. 3 A, inset). Knockdown and overexpression of MRPS27 did
not affect the levels of mature mitochondrial RNAs, including the
12S rRNA, measured by qRT-PCR (Fig. 3 A) and this was conﬁrmed
by northern blotting of the rRNAs, or MT-CO1 and MT-CO2 mRNAs
(Fig. 3B). There were no changes in the levels of mitochondrial
RNAs after a 3-day or 9-day knockdown of MRPS27 (Supplemen-
tary Figs. 2 and 3). Finally, MRPS27 knock down or overexpression
did not affect the processing of precursor mitochondrial RNAs, sug-
gesting that MRPS27 does not affect the stability, processing or
abundance of mitochondrial RNAs (Fig. 3C).
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inﬂuenced its abundance in cells, we investigated the levels of
several mitochondrial tRNAs including tRNAGlu by northern blot-
ting and qRT-PCR, when MRPS27 levels were altered. We did not
observe any differences in the abundance of mitochondrial tRNAs
when MRPS27 was knocked down or overexpressed (Fig. 4A and
B), suggesting that MRPS27 does not regulate tRNAGlu levels in
mitochondria.
3.4. MRPS27 is involved in translation of mitochondrial mRNAs
We investigated changes in de novo mitochondrial protein syn-
thesis, in cells where MRPS27 was knocked down or overexpressed
(Fig. 5A and Supplementary Fig. 4). When the incorporation of
35S-labelled cysteine and methionine was measured over a 1 h
(pulse) or 17 h period (chase), we observed a general decrease of
most mitochondrially encoded proteins after a 9-day knockdown,
compared to controls, although we observed that the abundance
of COXI was lower following a 3-day knockdown of MRPS27
(Fig. 5A and Supplementary Fig. 4). Next, we analysed the effects
of MRPS27 knockdown or overexpression by immunoblotting andobserved a decrease in the steady state levels of the COXI protein
upon MRPS27 knockdown, relative to controls following 3 days,
but not of the mitochondrially encoded COXII or nuclear encoded
COX IV (Fig. 5B and Supplementary Fig. 5). Following a 9-day
knockdown of MRPS27 we observed a decrease in the abundance
of the COXII and COXIV proteins in addition to COXI (Fig. 5B). We
investigated the effects of MRPS27 knockdown or overexpression
on the mitochondrial respiratory complexes by blue native poly-
acrylamide gel electrophoresis (BN-PAGE) and found that mito-
chondrial respiratory complexes are not affected signiﬁcantly
following a knockdown of MRPS27 after 3 days, but there is an
overall decrease in their abundance after a 9-day knockdown of
MRPS27 (Fig. 5C). Overexpression of MRPS27 did not affect the
abundance of the mitochondrial respiratory complexes.
It has been shown previously that altering the levels of core
mitochondrial ribosomal proteins affects the overall stability and
expression of other mitochondrial ribosomal proteins [32]. There-
fore we analysed levels of the small and large mitochondrial sub-
unit marker proteins MRPS15 and MRPL11 by immunoblotting
following MRPS27 knockdown, but did not observe any changes
in the levels of these proteins for up to 9 days (Fig. 5D), indicating
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chondrial ribosomal proteins. This suggests that MRPS27 may not
affect the gross assembly of the small subunit of the mitochondrial
ribosome.
We investigated the effect of MRPS27 knockdown on the mito-
chondrial ribosome proﬁle of the 12S and 16S rRNA, and tRNAGluby fractionating ribosomes on sucrose gradients and northern
blotting against these transcripts. We found that MRPS27 knock-
down does not affect the distribution of the mitochondrial rRNAs
although there is a slight difference in the distribution of the
tRNAGlu (Supplementary Fig. 6). This indicates that MRPS27 affects
the efﬁciency of translation and possibly the use of tRNAGlu during
protein elongation, but not the capacity of ribosomes to engage
mRNAs or form polysomes.
To determine if the decrease in MRPS27 would result in mito-
chondrial dysfunction, we measured cytochrome c oxidase activity
normalised to citrate synthase activity. Cytochrome c oxidase
activity was decreased signiﬁcantly in cells where MRPS27 was
knocked down after 9 days (Fig. 5E). These results show that
MRPS27 is a small ribosome subunit regulator of mitochondrial
mRNA expression that is necessary for the translation of the 13
polypeptide components of the electron transport chain, which
are essential for mitochondrial respiration.
4. Discussion
MRPS27 was annotated initially as one of the mammalian small
subunit ribosomal proteins although its function was not known
[12]. MRPS27 shares 18% identity to the pentatricopeptide repeat
domain 2 (PTCD2) protein [21], although this does not appear to
result in a shared function, and may reﬂect the common presence
of PPR motifs. It has been shown that MRPS27 associates with
MRPS29 (DAP3), a GTP-binding protein of the ribosome known to
act in apoptosis [33] and hNOA1, a mitochondrial GTPase which
is the human homolog of a plant NO-associated protein that acts
as a regulator of mitochondrial respiration and apoptosis [34].
MRPS27 has also been found associated with the immature colon
carcinoma trancript-1 (ICT1) mitochondrial translation factor
[29] and the mitochondrial ribosome assembly factor Era G-pro-
tein-like 1 (ERAL1) [35].
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measured by pulse incorporation of 35S-labelled methionine and cysteine. Equal
amounts of cell lysate protein were separated by SDS–PAGE and visualised by
autoradiography. The gels were stained with Coomassie to conﬁrm equal loading
(Supplementary Fig. 5) (B) Protein isolated from mitochondria was analysed by
immunoblotting after knockdown and overexpression of MRPS27. The blot was re-
probed with antibodies against other mitochondria encoded (COXII) and nuclear
encoded (COXIV) cytochrome c oxidase subunits, and porin was used as a loading
control. (C) BN-PAGE of mitochondrial proteins from cells after knockdown and
overexpression of MRPS27. (D) Ribosomal stability is not affected by decreasing
MRPS27 levels in cells. Immunoblot of mitochondria isolated from 143B cells
transfected with MRPS27 and NT siRNAs and blotted for markers of the small
ribosomal subunit (MRPS15) or the large ribosomal subunit (MRPL11). (E)
Cytochrome c oxidase activity normalised to citrate synthase for MRPS27 knock-
down and overexpression. ⁄p <0.05.
3560 S.M.K. Davies et al. / FEBS Letters 586 (2012) 3555–3561We have shown that MRPS27 is most abundant in mitochon-
dria-rich tissues and that it is associated with the small subunit
of the mitochondrial ribosome. Interestingly, we also observed an
unexpected association of MRPS27 with mitochondrial tRNAGlu.
The predicted six PPR domains at the N-terminus of MRPS27
may be responsible for its association with the 12S rRNA or
tRNAGlu. Despite the association of MRPS27 with mitochondrial
RNAs, it does not regulate the levels or processing of mitochondrial
RNAs, suggesting that its role is in mitochondrial protein synthesis
rather than mitochondrial RNA metabolism. Previously we have
observed that the translation activator PPR domain protein PTCD3
has a role in mitochondrial translation of all mitochondrial mRNAs
without affecting RNA abundance or processing [22]. These two
PPR domain proteins appear to have exclusive roles in the transla-
tion of mitochondrial mRNAs, unlike the PPR proteins POLRMT,
LRPPRC, MRPP3, PTCD1 and PTCD2, which have roles in mitochon-
drial RNA metabolism and downstream effects on mitochondrial
translation [16,36].
The translational activator of cytochrome c oxidase 1 (TACO1)
and LRPPRC proteins have been reported as speciﬁc regulators of
COXI expression [37,38]. TACO1 is a speciﬁc regulator of MT-CO1
mRNA translation, but LRPPRC has a role in mRNA polyadenylation
and translation [18] and has been shown to have a global effect on
mitochondrial translation [18,19,39,40], much like that observed
for MRPS27 after a longer knockdown of its abundance. However,
unlike LRPPRC, MRPS27 does not affect steady state mRNA levels,
and appears to be required for global mitochondrial translation.
Altering the abundance of MRPS27 did not signiﬁcantly affect the
distribution of ribosomes across mRNAs, indicating that it likely
affects the overall efﬁciency of translation, perhaps by facilitating
the recruitment of tRNAGlu.
It is unclear if there is a particular feature of the MT-CO1 mRNA
that renders it more susceptible to the initial translation defect
caused by MRPS27 knockdown. Analysis of the predicted amino
acid sequence of COXI showed that it did not contain a particularly
high proportion or total number of glutamate residues, however it
is the only mitochondrial open reading frame that contains two
sets of consecutive glutamate codons. Notably both of these pairs
of glutamates are found at the extreme C-terminus of the COXI
protein, 6 and 26 residues from the end. Translation factor EF-Tu
is responsible for channelling aminoacylated tRNAs to the ribo-
some for use as substrates in translation in all systems studied to
date [41]. The need for a high local concentration of tRNAGlu at
the ribosome when the C-terminus of COXI is translated may have
necessitated a ribosomal protein such as MRPS27 to recruit
tRNAGlu to the small ribosomal subunit. This may suggest that
MRPS27 could facilitate the elongation step for mitochondrial
mRNAs, in addition to the MT-CO1 mRNA, by equipping consecu-
tive Glu codons.
In summary, of the seven identiﬁed mammalian PPR proteins,
MRPS27 and PTCD3 are involved in the translation of mitochondri-
ally encoded mRNAs. The observations that MRPS27 associates
with tRNAGlu and that 16S rRNA is also enriched with MRPS27 in
the tiling array (Fig. 2A) provide indirect evidence that MRPS27
may be preferentially associated with actively translating ribo-
somes. This study has provided insight into the function of MRPS27
in the mitochondrial ribosome as a potential regulator of respira-
tory complex activity via a speciﬁc role in the translation of the
mitochondrial RNAs, lending further support for the link between
mitochondrial translation and respiratory complex assembly.
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